This work investigates the influence of soil type on electrodialytic remediation (EDR) of lead (Pb). In electrokinetic soil remediation, it is well known that pH is a key factor and that carbonate influences remediation efficiency negatively. This work provides results from laboratory-scale EDR experiments with ten representative industrially Pb-contaminated surface soils. Results indicate that Pb speciation is of primary importance. Specifically, organic matter and stable compounds like PbCrO 4 can impede and possibly even preclude soil remediation. In soils rich in carbonate, where the acidic front is impeded, part of the Pb can be transferred from the soil to the anolyte as negatively charged complexes during the EDR process. In this case the dominant complex is likely to be Pb(CO 3 ) 2 2Ϫ . Efficient remediation is however not obtained until all carbonate has dissolved and Pb 2ϩ is transported to the catholyte. Thus, the presence of carbonate negatively influences the remediation time. Pb bound to soluble organic matter is also transported toward the anolyte during EDR. The primary effect of the mainly insoluble organic matter commonly present in surface soil is however to immobilize Pb and impede remediation. Overall, EDR remediation of fine-grained, inorganic soils is found to be feasible when the Pb is not associated with extremely stable compounds.
INTRODUCTION

P
b IS THE MOST COMMON HEAVY METAL found in contaminated soil and, due to its low mobility, one of the most difficult to remediate. One method that has been investigated is electrokinetic soil remediation (EKR), in which an electric DC current is applied for mobilization of primarily charged Pb species in the electric field. Elec- trodialytic soil remediation (EDR) is an EKR method in which ion-exchange membranes separate the soil from electrolytes, physically inhibiting the intrusion of an alkaline front into the contaminated soil, while creating an acidic front due to water splitting at the surface of the anion-exchange membrane (Ottosen et al., 2000) . It is well established that among common contaminating metals, Pb is the least amenable to EKR and EDR (Hansen et al., 1997; Mohamed, 1996; Ottosen et al., 2001) . The progress of an electrokinetic remediation experiment depends on the applied current density or voltage gradient, as well as the duration of the experiment. Generally it is agreed upon that higher current/voltage and increased remediation time positively influences remediation (Chung and Kang, 1999; Viadero et al., 1998) . Current densities between 0.04 and 1.2 mA/cm 2 and voltage gradients between 0.4 and 8 V/cm are reported in the literature (Table 1) . In EKR the maximum current/voltage applicable depends on the individual soil and its conductivity. In electrodialytic soil remediation, an optimal current density around 0.4 mA/cm 2 was reported in two cases (Hansen et al., 1999; Ottosen et al., 2000) . Results (Table 1) show how decreased remediation success in experiments with spiked kaolinites and soils (Coletta et al., 1997; Sah and Chen, 1998) can be explained by low-energy input and/or short duration. In contrast low-energy input cannot solely explain the less successful remediation results of industrially contaminated soils (Table 1) . Indeed spiked kaolinite was shown to be remediated faster than complex soils (Le Hecho et al., 1998; Reddy et al., 2003) , and many works have reported that soil characters, such as pH, buffer capacity, and lime content, are of primary importance to the progress of EKR and EDR (Hamed et al., 1991; Hansen et al., 1997; Lageman et al., 1989; Yeung et al., 1996) . In retaliation, Ottosen et al. (2001) saw that Pb was removed at higher pH values from highly carbonaceous soils (Ͼ12% CaCO 3 ) than in soils with Ͻ3.7% CaCO 3 . This was thought to be due to the presence of Pb as PbCO 3 , which is soluble at relatively high pH, in the carbonaceous soils.
The influence of Pb speciation on remediation has not been well established. studied the relation between removal and fractionation as determined by sequential extraction in a tailings soil. They found that no residual Pb was removed, while most of the exchangeable Pb and part of the carbonate-bound, oxide-bound, and organic Pb was removed. It has also been demonstrated that remediation is more effective (in terms of percent Pb removal) with highly contaminated soils than with soils with only slightly elevated Pb concentrations (Chung and Kang, 1999; Jeong and Kang, 1997) . This finding is probably due to the increased likelihood of finding a larger fraction of mobile charged Pb ions in highly contaminated soils. In heavily contaminated soils, the capacity of sites for strong bonding is more likely to be exceeded and a larger fraction of the Pb may be present as water soluble, exchangeable, or carbonate bound (Jensen et al., 2005) . Speciation was found to be of primary importance when part of the Pb in a soil chlor-alkali soil was observed to be moving toward the anode (Suer et al., 2003) . The presence of sulfur in the soil and formation of the negative complex Pb(SO 4 ) 2 2Ϫ was used to explain this behavior, and implying a complex interaction between Pb, soil, and co-contaminating compounds during remediation.
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JENSEN ET AL. The purpose of this work is to advance our understanding of Pb-contaminated soil remediation by the process of electrodialysis, or EDR. The emphasis of this work is on elucidating the influence of soil properties and Pb speciation on the feasibility of EDR. In a departure from the practice of spiking samples, the bench-scale EDR experiments described in this work are performed using industrially contaminated soils so that a range of soil's physical and chemical properties is investigated for a variety of realistically occurring Pb species.
MATERIALS AND METHODS
Soil samples and analytical methods
Ten industrially polluted soil samples were collected in 1999 from sites around Denmark. All soils were analyzed and Pb speciation was investigated. Probable contamination sources and Pb speciation (Jensen et al., 2005) are given in Table 2 . All soils were analyzed to quantify grainsize distribution, pH, carbonate content, organic matter, cation-exchange capacity (CEC), concentrations of Fe and Cl, conductivity, phosphate, mineralogy, and the heavy metals Pb, Ni, Cu, Cd, Zn, Sn, and Cr. All results reported in Table 3 are the mean of at least three analyzed samples, with the exception of grain-size distribution (single analysis) and phosphorus (duplicate analyses).
Grain-size distributions were determined by wet sieving ϳ100 g natural wet soil with 0.002 M Na 4 P 2 O 7 through a 0.063 mm sieve followed by separation by dry sieving of the larger size fractions (Ͼ0.063 mm) and an X-ray based sedimentation method for the fractions less than 0.063 mm (Micrometritics SEDIGRAPH 5100, Micrometrics BN Instruments A/S, Denmark). pH was measured by electrode MeterLab CDM220 (Radiometer, Hach Lange Aps, Denmark) after shaking 5.0 g dry soil with 12.5 mL 1M KCl constantly for 1 h, followed by settling for 10 min. Carbonate content was determined volumetrically by the Scheibler method when reacting 3 g of soil with 20 mL of 10% HCl. The amount was calculated assuming that all carbonate was present as calcium carbonate. Organic matter was determined by loss of ignition in a heating furnace at 550°C for 1 h. CEC was determined after ion exchange of 10 g dry soil with NH 4 ϩ , followed by exchange of NH 4 ϩ for Na ϩ . The ammonium concentration of the supernatant was measured by spectrophotometer via flow injection. Conductivity was measured by electrode (MeterLab CDM210) in a solution prepared by constantly mixing 10 g soil and 25 mL distilled water for 30 min, followed by settling for 20 min. Phosphate was measured after the digestion of 0.2-0.5 g and sample at 550°C followed by boiling with HCl, reaction with ammonium molybdate to form yellow phosphor-molybden acid and reduction by ascorbic acid in the presence of antimony. The strong blue color was measured by spectrophotometer (Shimadzu UV-1601, Holm, Halby, Denmark).
The pH-dependent desorption of Pb from the soil was investigated by extraction of 5.00 g dry, crushed soil with 25.00 mL reagent at 200 rpm for 7 days. The reagents were as follows: 1.0 M NaOH, 0.5 M NaOH, 0.1 M NaOH, 0.05 M NaOH, 0.01 M NaOH, distilled water, 0.01 M HNO3, 0.05 M HNO3, 0.1 M HNO3, 0.5 M HNO3, 1.0 M HNO3. The pH was measured after 10 min of settling, after which the liquid was filtered through a 0.45 m filter for subsequent measurement by AAS. Nonacidic samples were preserved with one part concentrated HNO3 to four parts liquid in autoclave at 200 kPa and 120°C for 30 min prior to AAS measurement. Metals were analyzed according to the Danish standard method DS259 (Dansk Standardiseringsråd, 1991), which entails a 30 min acid digestion of 1 g soil with 20 mL of half 7 M HNO 3 in an autoclave at 200 kPa and 120°C. The metal content in the solution was measured by atomic adsorption spectrophotometry (AAS, Perkin Elmer 5000 or GBC 932AA, PerkinElmer, Denmark; GBC Scientific Equipment, Australia) following filtration through a 0.45 m filter. AAS analyses were validated for all metals through analysis of reference samples.
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EDR feasibility experiments
Electrodialysis experiments were carried out in cylindrical Plexiglas cells with three compartments (Fig. 1) . The center compartment contained the soil specimen, which was 10 cm long and 8 cm in diameter. The anolyte and catholyte were separated from the soil specimen by anion-and cation-exchange membranes, respectively (Ionics, AR204SZRA and CR67 HVY HMR427, respectively; GE Water & Process Technologies). Electrolytes were circulated between electrolyte chambers and glass reservoirs by a mechanical pump (Masterflex model 7553-76). Platinum-coated electrodes (Permascand) were used as working electrodes. The electrolytes initially consisted of 500 mL 0.01 M NaNO 3 adjusted to pH 2 with HNO 3 . Prior to the beginning of each experiment, soil specimens were mixed with deionized water to a moist but unsaturated consistency. The large difference in water content was due to the large natural water content of the organic soils.
A constant current of 0.2 mA/cm 2 was maintained in all experiments, except as noted in Table 4 . The pH in the electrolytes, current, and voltage were observed approximately once every 24 h. Each experiment was terminated after approximately 67,500 coulomb/kg had passed through the soil. The quantification of charge with respect to mass and not volume of soil was necessary because the soil mass and water content varied considerably from one sample to another due to variations in soil organic matter and soil structural differences. During the electrodialysis experiments, H ϩ and OH Ϫ were produced at the anode and cathode, respectively, and migrated in the direction of the counter electrodes. The ion-exchange membranes hindered intrusion of these ions into the soil specimen, and pH changes occurred in the electrolytes. An electrode (MeterLab CDM220) was used to measure pH in electrolyte compartments, which was maintained between 1 and 2 by manual addition of HNO 3 and NaOH.
After each experiment, the soil specimen was divided into five sections perpendicular to the current direction. Pb, pH, and water content were measured in each slice. Membranes were cleaned overnight in 1 M HNO 3 , and electrodes were cleaned overnight in 5 M HNO 3. Volumes of the cleaning acids, as well as the electrolytes, were measured followed by analysis of the Pb concentration by AAS. Charge passage was kept constant at 67.5 C/g DW. a The high voltages were observed only during short periods when catholytes needed pH adjustment in all experiments but 7, 9, and 10.
b During part of the period, current was increased to 0.4 mA/cm 2 . c Due to imperfect contact between soil and membranes, current decreased during a period of the remediation. This was compensated for by longer remediation to reach the wished passage of current. 
Metal mobilization length
Results from electrokinetic soil remediation feasibility experiments presented in terms of the percentage of metal removed clearly dependent on experimental geometry. Coletta et al. (1997) suggested evaluation of the moments of synoptic concentration distributions for comparison. We modified this approach in order to facilitate comparisons between distributions observed over various soil specimen lengths and suggest the metal-mobilizationlength (M m ) parameter defined as:
where M 1 ϭ 1 st moment of contaminant (position of the center of mass of contaminant being mobilized) and M 0 ϭ 0 th moment (total mass of contaminant in the sample). For a discretely sampled experiment, M 0 and M 1 can be approximated as: 
RESULTS AND DISCUSSION
Overall mass balances and Pb removal
Results in terms of the initial Pb concentrations, Pb mass balances, Pb removal (%), and metal-mobilization lengths for the 10 experiments are summarized in Table  5 . The final Pb amount in each soil specimen was estimated by duplicate analyses of each of the five soil slices (10 samples). The experimental mass balances varied between 80% (experiment 2) and 143% (experiment 1). Pb removal varied from negligible (0.7%) for soil 3 to almost 40% for soil 7. Similarly, |M m | varied between 0.01 cm for soil 3 and 2.92 cm for soil 7. The overall direction of Pb transport was toward the cathode for soils 1-3, 6, and 7 and toward the anode (negative M m ) for soils 4, 5, and 8-10, as quantified by the direction that the center of mass of Pb moved within the soil specimen. However, examination of the Pb removed from the soil and found on electrodes and in electrolytes suggests that this conclusion is inconsistent for experiments 1 and 6, where the major part of the removed Pb was found in the anolytes. The inconsistent transport directions suggest that various Pb species are transported simultaneously toward the anolyte and the catholyte during remediation. This finding suggests that the concept of M m should be employed with care, since equal amounts of transport in each direction would result in M m being zero, which does not properly reflect the transport. Nevertheless the magnitude and sign of M m , together with soil characteristics and pore fluid analyses, provide valuable insight into the prevailing processes and Pb speciation in EDR. Differences in front migration are directly related to the soil carbonate content (Fig. 2) . Despite the presence of ion-exchange membranes, an acid front evolved from the anode end in all cases. Because soils commonly contain particles (clay and organics) that are negatively charged and surrounded by a layer of mobile cations, they act as cation exchangers. The mobile cations are transported in the electric field (electromigration), while the soil particles are transported to a lesser extent (electrophoresis) and not at all through the ion-exchange membranes. In order to meet the requirement of electroneutrality equal amounts of positive and negative charges have to be transported out of the soil. The lack of transportable anions causes water splitting at the surface of the anion-exchange membrane followed by immediate transport of the hydroxide ions into the anolyte with acidification of the soil as a consequence. The phenomenon of water splitting in electrodialysis and its relation to ion concentration is well recognized in water treatment technology (Mulder, 1996) . In the present systems, the extent of the acid front propagation varied from slight acidification in the first few cm (soils 10 and 8) to advanced acidification in the full soil specimen (soils 2, 5, and 7).
Remediation
The extent of soil acid front propagation is an important factor to consider in relation to the observed Pb profiles in the soil specimens. Figure 3 summarizes the Pb profiles for the soils in which Pb was transported toward the cathode. Of these, significant Pb removal occurred from soils 2 and 7, as expected based on the low pH and large fraction of fines in these soils (35 and 20% clay, respectively), which demonstrates the potential of the EDR process in fine-grained soils. Pb appears to be removed at greater pH values from soil 7 than from soil 2. This observation is in accord with previous reports (Chung and Kang, 1999; Jeong and Kang, 1997; Reed et al., 1996) and is a reflection of the greater contamination level for this soil and the associated looser bonding of a large portion of the Pb. In soils 1 and 3, the pH values within the 4 cm closest to the anode are as low as in soil 7. Removal of Pb from this section of soil 1 is commensurate with the low pH values. However, only very limited Pb transport has occurred in soil 3. A likely reason for this difference is that the Pb in soil 3 may be bound to organic matter and as insoluble PbCrO 4 while Pb in soil 7 is primarily bound as carbonates and oxides (Table 2 ). Soil 6 is the least acidified of the five soils, which is reflected by low removal. Although the center of mass of Pb in this soil moved toward the cathode, the major Pb removed from this soil was collected in the anolyte (Table 5) , suggesting reverse transport of species with opposite charge.
The profiles in Figure 4 summarize the cases for which Pb was primarily transported toward the anode. Relatively less transport occurred in these soils, suggesting that the dominance of negatively charged Pb complexes in general affects remediation negatively. In addition, a bimodal distribution of Pb in some of the soils (4 and 5) is pointing to different transport for different species (as in soil 6, see Fig. 3 ). This phenomenon is due to competition between positive and negative Pb species, for which the anionic complexes are amenable to transport, but when the soil is acidified, Pb speciation changes (in- cluding sign of complexes), thus leading to reverse transport and/or accumulation. An explanation of why this behavior is dominant in some soils may be found in the fact that those soils (4-6) are the most organic soils of the ten. The fact that organic matter is insoluble at low pH may well explain the low removal (Table 5) obtained from soil 5 despite the low pH obtained. Although only part of the Pb in these soils is bound to organic matter, a process where Pb readsorbs to the organic phase after having been released from other fractions due to acidification could have taken place. If that is the case, the organic matter is likely to preclude remediation because the organically bound Pb will stay immobile as the acidic front proceeds, and the addition of complexing or oxidizing agents would be necessary to obtain remediation.
In contrast, when looking at the removal obtained from soils 8 and 10 (Table 5) , some apparent transport into the anolyte has taken place despite the high carbonate content and limited acid front propagation in these soils. Furthermore no sign of opposite-direction transport is observed, suggesting that other mechanisms govern Pb transport in these soils. The fact that these two soils are the most carbonaceous of the ten suggests that the transport may be related to the dissolution of carbonate resulting from the acid production at the anion-exchange membrane. According to the speciation diagram for Pb shown in Figure 5 , an increased carbonate concentration in the pore liquid of the soil may at neutral pH result in formation of soluble and negatively charged lead carbonate (PbCO 3 2Ϫ ), which would be transported toward the anode. In support of this hypothesis, the transport of Pb into the anolyte among soils 8-10 was observed to correlate with the carbonate content of the soils. No overall remediation of carbonaceous soils through this mechanism is possible, however, because, as the soil closest to the anode becomes acidic, Pb carbonates, which continue to travel from the neutral sections toward the anode, precipitate or change sign of valence as they reach the acidic region and therefore remain in the soil until the full soil has become acidic and transport of Pb 2ϩ into the catholyte is made possible. The combined effect of a high concentration of dissolved carbonates and an extended period of prevailing neutral conditions throughout the soil specimen are primarily responsible for the greater amount of transport into the anolyte from carbonaceous soils, such as that found in soils 8 and 10.
The fact that dissolution of carbonates results in dissolution of Pb at neutral pH is supported by the information provided in Figure 6 , where removal (%) in the soil slices of all experiments is plotted (Fig. 6a) as a function of pH together with results of batch extraction of Pb with nitric acid (Fig. 6b) . The effect of the current is obvious here, since, at pH values between 2 and 8, Pb has been removed to a much larger extent from the soil slices of the EDR experiments than by batch extractions. Two separate groups of points are apparent ( Fig. 6a ): up to 90% extraction of Pb has been obtained at pH 2-4, while up to 45% extraction was obtained at pH 6-8 and removal was absent at pH 4-6. From batch extractions, some extraction of Pb (up to 32%) between pH 2 and 4 occurred, but to a much lesser extent than in the soil subjected to EDR, and no extraction was observed in the higher pH interval (6-8). In the low pH interval, we attribute the difference to the current transporting the dissolved Pb out of the soil, thereby shifting the equilibrium. In the high pH interval we believe the difference is the effect of dissolved carbonates, resulting in increased CO 3 2Ϫ concentrations in the pore liquid and dissolution of PbCO 3 2Ϫ .
CONCLUSIONS
The development of an acidic front in soil during electrodialytic remediation is governed by the buffer capacity of the soil. Severely contaminated soils, in which a 242 JENSEN ET AL. large fraction of the Pb is bound in the mobile fractions, are remediated at higher pH than less contaminated soils, in which Pb is strongly bound to the soil. EDR shows a great potential in remediation of fine-grained soils, for which no other efficient treatment has yet been developed. In the case of soils for which the original polluting Pb species are extremely stabile (e.g., where PbCrO 4 dominates), remediation proceeds very slowly and may not be feasible, as seen with soil 3 in this work. In highly organic soils, remediation is hindered by the redistribution of Pb, which readsorbs to insoluble organic matter under acidic conditions. Remediation of such soils may not be possible without any preconditioning (with complexing agents/oxidizing agents) because only a minor fraction of the organic matter is soluble. In carbonaterich soils, the first period of remediation is dominated by dissolution of carbonates. This results in an increased carbonate concentration in the pore liquid and dissolution of Pb(CO 4 ) 2 2Ϫ , which is transported into the anolyte. However, as the acidic front develops, transport toward the cathode takes over and dominates the remediation. Pbcontaminated soils low in organic matter and in which Pb does not exist in extremely stabile compounds can be remediated by electrodialysis. In that case the remediation time depends on the carbonate content of the soil.
